ligating the HindIII 2 fragment of pYDH208 into pSa4AH.
Cosmid clone pYDH299 lacks the HindIII 18a and 25a fragments of pYDH208 (9) . Culture media. Nutrient broth (Difco) and L broth (GIBCO) were used as the rich media. MG/L liquid medium (3) was used to prepare Agrobacterium strains for electroporation. AT minimal medium containing 0.15% (NH4)2SO4 (ATN) (7) was used to grow Agrobacterium strains. Unless otherwise specified, succinate and other carbon sources were added to the minimal medium to final concentrations of 5 mM. Noble agar (Difco) (final concentration, 1.5%) was used to solidify the minimal medium. Eschenichia coli strains were grown at 37°C, while agrobacteria were grown at 28°C. For E. coli, tetracycline was used at 10 ,ug/ml, ampicillin was used at 50 ,ug/ml, kanamycin was used at 25 ,g/ml, and nalidixic acid was used at 60 ,ug/ml. For Agrobacterium strains, tetracycline was used at 1.5 ,ug/ml, carbenicillin was used at 100 ,g/ml, and kanamycin was used at 50 ,g/ml.
Chemicals. MOP and MOA were chemically synthesized as described previously (32) . AGR was enzymatically synthesized from MOP (7) . Stock solutions (100 mM) were neutralized with KOH when necessary, sterilized by filtration, and kept frozen at -20°C.
[14C]MOP labelled in the mannose moiety was prepared as described previously (4) .
[14C]AGR was prepared from [14CJMOP by enzymatic synthesis. The radiolabelled opines were purified by highvoltage paper electrophoresis (HVPE) at pH 1.8 and elution with 50 mM sodium phosphate buffer (pH 7.5). About 20% of each of the radiolabelled opine preparations was [14C]AGA, which forms by spontaneous conversion from AGR or MOP (4) . o-Nitrophenyl-I3-D-galactopyranoside was purchased from Sigma.
Transposon mutagenesis. Mutagenesis of pYDH208 with Tn3HoHol was performed as described previously (39) . Briefly, the target plasmid, pYDH208, was transformed into the transposon donor strain, HB101(pHoHol, pSShe), and the resultant strain was mated with the helper strain HB101(pRK2013) and thepolA recipient strain C2110. The mating mixtures were plated on L broth agar containing nalidixic acid, ampicillin, and tetracycline to select for C2110(pYDH208::Tn3HoHol) transconjugants. TnS mutagenesis was performed by mating E. coli 1830 with strain NT1(pYDH208) as described previously (42) .
P-Gal assays. Bacteria were grown to exponential phase in ATN minimal medium containing succinate or sugars as the sole carbon source. The cultures were split, and opines were added at a final concentration of 1 or 5 mM to one portion. The cultures were grown for an additional 3 h, and the bacteria were harvested and resuspended in 0.9% NaCl. At the time of cell harvesting, the culture media still contained detectable levels of sugars or succinate and opines. 1-Galactosidase (,B-Gal) activity was quantitated as described by Miller (27) .
DNA manipulations. Large-and small-scale isolations of plasmid DNA were performed by a rapid alkaline lysis procedure (26) . Agrobactenium strains were transformed by a freeze-thaw technique (21) or by electroporation (44 Opine uptake assays. Cells were grown in ATN medium containing glucose as the sole carbon source and induced by opines as described above for 3-Gal assays. Uptake measurements were initiated by inoculating 0.1 ml of cells at an optical density at 600 nm (OD6.) of 0.35 into 1.4 ml of ATN medium containing radiolabelled opines (6,000 to 10,000 cpm; specific activity, 270 mCi/mmol) and performed by monitoring the rate of disappearance of radioactivity from the culture supernatants as described previously (4 (8, 9) . To locate the specific functions encoded by this clone, Tn3HoHol and TnS insertion mutants were isolated and assayed for their abilities to utilize MOP, AGR, and MOA as sole carbon sources. Figure  1 shows the locations of transposon insertions and the associated opine utilization patterns of strain NT1 harboring these insertion derivatives of pYDH208. Good or poor growth was correlated with the rate of opine disappearance from liquid culture medium. For strains which grew poorly (+ or +/-phenotype), MOP disappeared from the medium after 5 days, while for strains which grew well on MOP or AGR, the opines disappeared within 3 days.
With AGR as the sole carbon source, the transposon insertion derivatives displayed only two types of growth patterns: good growth and no growth. However, they exhibited a range of growth rates with MOP (Fig. 1) . Thus, we measured the doubling times of representative transposon mutants in liquid minimal medium with MOP as the sole carbon source (Table 2) .
With respect to opine utilization patterns, the insertion mutants can be categorized into four groups (Fig. 1) . Insertions in regions I and II did not affect the ability to catabolize AGR (Table 2 ). However, insertions in region I abolished the capacity to utilize MOP and MOA, whereas those in region II reduced and eliminated utilization of MOP and MOA, respectively ( Table 2 ). Insertions located in region III abolished growth on AGR and MOA. Some insertions in this region also abolished growth on MOP, while others allowed only poor growth on this opine ( Fig. 1 ; Table 2 ). Mutant 6, with TnS mapping between regions II and III, grew on MOP as well as strain NT1(pYDH208), but it did not grow on AGR.
All insertions mapping in region IV resulted in faster growth rates on MOP and AGR than those seen with the parent clone, pYDH208 (Table 2 ). These mutants did not grow on MOA alone but grew well on MOA in the presence of 0.25 mM MOP or AGR. In comparison, strain 171, with TnS located in the vector, or NT1(pYDH208) utilized MOA only when supplemented with 5 mM MOP or AGR. The growth patterns for mutants with insertions in region IV were verified by analyzing opines present in culture supernatants at the end of growth: MOA disappeared from the medium within 4 days of incubation, whereas MOP disappeared within 2 days (data not shown). Identical results were obtained with mutants 33A, 8, 16, and 164. TnS insertion mutant 6 did not utilize MOA when supplemented with 5 mM AGR, but it did utilize it when MOP was supplied at a level of 5 mM. The phenotypes of mutants 95 and 40C, with transposons mapping to the left and right extremes of the insert, respectively, were indistinguishable from those of the parent, NT1(pYDH208), and from those of mutant 171.
Opine catabolism conferred by subclones. Strain NT1 (pYDH208) grew faster than NT1(pTi15955) on MOP or AGR (Table 2) . Strain NT1(pRB4) grew very poorly on MOP but showed a doubling time in minimal medium with AGR that is indistinguishable from that of strain 171 (Table 2) . Strain NT1(pRB4) failed to catabolize MOA even when incubated with inducing levels of MOP or AGR. Strain NT1 (pYDH299) showed growth patterns on MOP, AGR, and MOA that are indistinguishable from those of NT1(pRB4). Strain NT1(pSaH2.2) did not grow on medium containing any opine tested.
Induction by MOP or AGR. To determine the transcriptional direction of genes encoding mannityl opine catabolism, 1-Gal activities in strain NT1 containing 13 independent pYDH208::Tn3HoHol insertion derivatives were measured (Table 3) . Results from these assays are summarized in Fig. 1 (Fig. 1) . MOP cyclase activities of mutants with TnS mapping to region I were not induced by MOP but were induced by AGR, whereas those of mutants with transposons mapping to unit CI were not induced by AGR but were induced by MOP (Fig. 1) .
Upon incubation for 7 h with 1 mM MOP or AGR, MOP cyclase activity was inducible in cells harboring clones with insertions in regions A, B, and D but was not inducible in CI and CII mutants (Fig. 1) . However, the activities of CI and CII mutants were induced by 5 (Fig. 3b) . When culture medium containing succinate and MOP was not supplemented with ammonia, no repression of MOP cyclase activity was detected (Fig. 3b) (Fig. 4a) .
However, uninduced strain 171 gradually removed a similar amount of radioactivity over a 3-h period. Similar results were obtained with the Tn3HoHol mutants 33A and 11 and Tn5 mutant 50 (data not shown). In contrast, NT1(pCP13/B), TnS mutant 4, and NT1(pYDH299) did not take up detectable amounts of MOP under any growth condition tested (Fig. 4b) . TnS insertion mutants 1, 3, and 13 removed
[14CJMOP from the medium only slowly, and induction with MOP or AGR did not increase the rate of opine uptake by these mutants (Fig. 4c) . Similar results were obtained with the Tn3HoHol mutants 2, 6, 10, and 15 (data not shown). TnS mutant 6 took up [14C]MOP at a rapid rate, even when pregrown in the absence of MOP or AGR (Fig. 4d) .
In strain 171, the kinetics of uninduced and induced uptake of AGR (Fig. 4e) are similar to those of MOP (Fig.  4a) . Similar results were obtained with the TnS mutants 4, 13, and 50 (data not shown). However, TnS mutant 3 took up AGR only slowly (Fig. 4f) . TnS insertions in mutants 1 and 6 eliminated the ability to take up AGR under any condition. This ability was not restored even when cells were induced by MOP (Fig. 4g) . To determine whether the AGR transport system present in TnS mutant 4 also can take up MOP or MOA, competition experiments were performed. As shown in Fig. 4h , MOP and MOA did not compete against the uptake of [14C]AGR by this mutant.
DISCUSSION
Organization of opine catabolism genes. The results indicate that at least 6 expression units are associated with the opine catabolism phenotype encoded by pYDH208 (Fig. 1) . Three units were identified by physical mapping and by measuring P-Gal activities expressed from Tn3HoHol insertion mutants. Expression unit C was divided into two units, CI and CII, on the basis of the following. (i) The gene encoding MOP cyclase is located in the first part of region CI defined by EcoRI fragments 27, 35, and 28 (21a). (ii) All mutants with transposons mapping to unit CII express MOP cyclase activity, indicating that the insertions do not exert polar effects on the gene encoding this enzymatic activity. (iii) Type CI and type CII mutants differ from each other in the regulation of MOP cyclase activity by AGR (Fig. 1) .
From these results, we infer that there are at least 4 transcription units spanning the 14 kb that compose the MOP-AGR catabolic region of pYDH208. The remaining one-third of pYDH208, spanning 7 kb, was divided into two regions, D and E, on the basis of the following. (i) TnS insertions mapping between regions I and II (mutants 16 and 164) and between regions II and III (mutant 8) have no effect on phenotypes associated with the catabolism of MOP, AGR, and MOA. (ii) Not only did mutations in regions I and II result in altered patterns of opine utilization, induction of MOP cyclase activity, and uptake of MOP and AGR, but these patterns differ from one another as well as from those associated with mutations in region III.
On the basis of the opine utilization patterns of insertion mutants, the ability to catabolize MOP and MOA is encoded within a 16.4-kb segment between transposon insertions 95 and 33A, whereas the capacity to utilize AGR is encoded by a 9.4-kb region mapping between transposon insertions 8 and 33A ( Fig. 1; summarized in Fig. 5 ). This region is completely contained in the subclone pRB4. Unit B is essential for AGR catabolism, since this unit is absent in the clone pSaH2.2.
Regulation of opine catabolism genes. A series of mutants with transposons mapping to region IV exhibited faster growth on MOP and AGR and required much lower amounts of MOP and AGR to induce MOA catabolism than strain 171 ( Fig. 1; Table 2 ). These results suggest that region IV may encode a regulatory function, most likely a repressor that senses the level of opine inducers. The fact that in type IV mutants a small amount of MOP or AGR is still required to induce growth on MOA implies that pYDH208 contains a second regulation system for catabolism of these opines. This interpretation is consistent with the fact that mutations in region IV have no effect on the regulation of expression of MOP cyclase activity. Moreover, MOP cyclase activity in NT1(pRB4), which lacks region IV, is still regulated and inducible by AGR. Taken together, these results imply that the putative regulatory function encoded by region IV may not be responsible for modulating expression of the MOP cyclase gene. Another regulator must be involved in the expression of this activity.
Dessaux et al. (9) proposed that there are two independent pathways for MOP catabolism. The first is a MOP catabolic pathway encoded by pYDH208 which shares common steps with AGR catabolism. The second is a pathway which may share common steps with AGA catabolism. The second pathway is not encoded by pYDH208. However, the determinants for these two MOP, AGR, and MOA but have no effect on the inducibility of MOP cyclase activity. This region of about 1.5 kb may encode a key determinant of MOP catabolism shared by the two pathways, while region A, which corresponds to type IV mutants, appears to encode a regulatory function that controls expression of the two pathways. Catabolite repression. As judged by diauxic growth, lacZ fusions, and MOP cyclase assays, sugars do not exert a strong effect on the regulation of moc genes. However, succinate, in the presence of inorganic nitrogen, strongly catabolite represses expression of moc genes in units CI and CII (Table 4) . Nautiyal et al. (30) reported that the addition of succinate to cultures of strain 15955 previously grown with MOP does not prevent the uptake of MOP or inhibit MOP cyclase activity. These results and our lacZ fusion assays together suggest that succinate neither controls enzyme activities nor causes inducer exclusion (17, 25) but regulates the rate of synthesis of inducible moc enzymes. Succinate does not repress the slow, constitutive uptake system, since succinate-grown cells of strain 171 are still able to transport MOP or AGR slowly (results not shown). However, the wild-type strain 15955 does not exhibit a detectably low constitutive level of MOP uptake (30) . We assume that this discrepancy is due to the effect of plasmid copy number. The cosmid vector pCP13/B, used to construct pYDH208, is a derivative of a broad-host-range plasmid, RK2 (6), and it is maintained at a copy number five to seven times that of the Ti plasmid (13, 15) . Consistent with such a gene dosage effect, strain 171 grows faster on MOP and on AGR and has a shorter diauxic lag phase than strains 15955 and NT1(pTi15955) ( Table 2 and Fig. 2) .
Nitrogen regulation. Despite the presence of sugars or succinate, lacZ fusions in Tn3HoHol mutants 4 and 6 were fully expressed when MOP was added to medium lacking an inorganic nitrogen source. Moreover, no detectable repression of inducible MOP cyclase activity by succinate was observed when MOP was the sole nitrogen source. This implies that the expression of several moc genes encoded by pYDH208 is modulated by nitrogen availability. The region immediately upstream from the MOP cyclase gene contains sequences homologous to the consensus sequence for ntrAregulated promoters (21a) . In this regard, a general ntr system (23, (34) (35) (36) 45) could be involved in controlling the opine catabolic genes in response to fluctuating nitrogen sources. The fact that opine catabolic genes are fairly resistant to catabolite repression in the absence of an inorganic nitrogen source gives Agrobacterium strains a great selective advantage. The cells still will be able to utilize the opines produced by crown galls, despite the presence of a wide range of other carbon sources found in root exudates (31, 37, 38) .
MOP and AGR transport functions. Strain 171 takes up MOP at a rapid rate when induced with MOP or AGR. However, this strain accumulates MOP at a slow rate when the cells have not been previously induced. Mutant analysis indicates that these two phenotypes represent expression of two different MOP transport systems. Transposon insertions mapping to units A and B have no effect on either MOP transport phenotype. However, mutants with transposons inserted in unit C or D took up MOP only slowly. These results suggest that unit E encodes the slow, constitutive MOP uptake system. This interpretation is consistent with the MOP uptake kinetics observed with TnS mutant 4. Assays with Tn5 mutant 1 ( Fig. 4c and g ) indicate that unit CI contains genes essential for inducible MOP uptake and for AGR transport (summarized in Fig. 5 ).
As described above, insertions located in unit CI abolish the slow, constitutive uptake of AGR. From the opine uptake kinetics of TnS mutants 1 and 4 (Fig. 4b, c, and g ), the induction patterns of MOP cyclase activity shown by unit E and CI mutants (Fig. 1) , and competition experiments (Fig.  4h) , we infer that the slow, constitutive AGR transport system is independent of the slow, constitutive MOP transport system. Consistent with this, uptake assays with TnS mutant 13 ( Fig. 4c and e) indicate that unit D is not required for AGR uptake but is necessary for inducible MOP uptake (summarized in Fig. 5 ).
Several aspects of the regulation and specificity of the MOP and AGR transport systems remain unclear. For instance, it is not clear why NT1(pRB4) can utilize MOP, albeit slowly, and why AGR uptake by TnS mutant 4 is induced by MOP despite the absence of the constitutive MOP uptake system ( Fig. 4b and e) . However, MOP may be converted to AGR extracellularly, and the AGR could then be transported. Consistent with this, a small amount of AGR was detected in culture supernatants from NT1(pYDH208) grown in minimal medium with MOP (Fig. 3a, (8) . Utilization studies of mannityl opine analogs suggest that the products of the initial cleavage of the analogs are the sugar and amino acid constituents of the molecule (4, 29) . Consequently, it is tempting to speculate that the opine catabolic pathways encoded by octopine-type Ti plasmids are simple but that the regulation and transport systems are complex.
